INTRODUCTION
In the North Pacific, the Japanese Archipelago is the largest nesting ground for the loggerhead sea turtle Caretta caretta (Nishimura 1967, Uchida & Nishiwaki ABSTRACT: Stable isotope analyses and satellite telemetry were used to investigate the relationship between the body size and feeding habitat of adult female loggerhead turtles Caretta caretta around Japan. A total of 149 females from 2 nesting sites, 600 km apart, 1 in Minabe and 1 in Yakushima, was examined by stable isotope analyses of the egg-yolk in 1998 and 1999. Since there were neither significant intra-nor inter-clutch variations in δ 13 C or δ 15 N egg-yolks from the same female, the isotope signatures of a single egg-yolk from any clutch in a nesting season could be used to represent those of its nesting female. Both isotopic values increased as the body size of the nesting female increased, irrespective of nesting site. Comparisons between isotopic values of loggerhead egg-yolks and prey items revealed size-related differences among both feeding habits (planktonic or benthic) and habitat areas (pelagic or neritic) of female loggerheads. In 1999, 5 females nesting in Minabe were tracked by satellite. After the nesting season, 2 females with low isotopic values migrated to the pelagic Pacific along the Kuroshio Current, whereas 3 with high isotopic values migrated to the neritic East China Sea. The former females were smaller than the latter. These results were consistent with inferences from stable isotope analyses and previous findings, indicating that the body size, habitat area, and feeding habit of female loggerheads around Japan are closely related. In addition, there were no significant differences in δ 13 C or δ 15 N between recruits and remigrants, implying that female loggerheads do not change their feeding habitats during the reproductive stage. We postulate that female habitat selection as a function of body size is closely related to the recruitment and settlement in immature loggerheads, which return to Japan after developmental migrations in the North Pacific.
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Resale or republication not permitted without written consent of the publisher 1982, Kamezaki 1986 ). After hatching on Japanese beaches, loggerhead juveniles grow during a developmental migration in the North Pacific Gyre (Bowen et al. 1995) . Loggerheads are largely carnivorous during all life history stages (Dodd 1988 , Bjorndal 1997 . During the hatchling and juvenile stages, they generally feed on planktonic items such as gelatinous animals in pelagic habitats. During subadult and adult stages, when their swimming and diving abilities are well developed, they generally forage on benthic items such as molluscs, crustaceans, and coelenterates in neritic habitats. Similar results were recorded for the central North Pacific and the Japanese coast through gut-content analyses of incidentally captured and stranded dead turtles (Yamaguchi et al. 1993 , Bolten & Balazs 1995 , Kato et al. 1998 , Polovina et al. 2000 .
On the other hand, recent tag/recapture studies and satellite telemetry conducted on the Japanese nesting beaches have revealed that, during post-nesting seasons, adult female loggerheads migrate not only to neritic habitats (the continental shelves of the East and South China Seas, coastal waters of the Philippines, and coastal waters of Japan where depths are < 200 m), but also to pelagic habitats (the Pacific Ocean where depths are ≥1000 m) (Baba et al. 1992 , Kamezaki et al. 1997 , Japan Fisheries Resource Conservation Association 1999 . Turtles that inhabit the pelagic cannot forage on benthic items, because the maximum dive depth of female loggerheads is 233 m (during internesting periods: Sakamoto et al. 1990 ). Instead, they probably feed on planktonic items such as jellyfish and salps in the area, as do the hatchlings and juveniles. However, the feeding habits of females inhabiting pelagic areas are not well understood because they are rarely captured in the open ocean. We therefore used stable isotope analysis to determine the feeding habits of female loggerheads in these areas.
Stable isotope analysis has recently been used to study the feeding habits of aquatic animals (see review by Michener & Schell 1994) . The δ 13 C and δ
15
N of aquatic animals reflect the δ 13 C and δ 15 N of the diet with ca. 1 ‰ and 3 to 4 ‰ enrichment respectively (DeNiro & Epstein 1978 , Minagawa & Wada 1984 . Consequently, these 2 isotope ratios can be used to identify their diet. In this study, loggerhead eggs were sampled to determine the stable isotope ratios of nesting turtles (Godley et al. 1998) . Based on several indices, Rostal et al. (1998) concluded that vitellogenesis in Kemp's ridley Lepidochelys kempi begins 4 to 6 mo prior to the mating period and is completed prior to mating. Although it is not known when vitellogenesis begins and ends in loggerhead turtles, there is a possibility that the timing is similar to that in Kemp's ridley. As female loggerheads rarely feed during the nesting season (Tanaka et al. 1995) , the isotope signatures of the yolk of their eggs should reflect the prey consumed in the foraging area before migration to the nesting beach.
We focused on the relationship between the body size and foraging areas of female loggerheads around Japan. Recent satellite telemetry revealed that some small females often migrate to pelagic habitats (Baba et al. 1992 (Baba et al. , 1993 , Japan Fisheries Resource Conservation Association 1999), while large females migrate to neritic habitats. It was therefore hypothesized that body size would be correlated with feeding habits and would be reflected in the differences in the stable isotope signatures. We thus compared the isotope signatures of loggerhead egg-yolks among different size groups, and also with those of prey organisms collected from their foraging areas. Satellite telemetry was also used to verify relationships between body size, foraging areas, and isotope signatures. The number of nesting loggerheads has recently declined at several Japanese nesting sites (e.g. Sato et al. 1997) . Determining the habitat use of this endangered species will contribute to its effective conservation and management. (Sato et al. 1997) , and at Inaka and Mae Beaches in Yakushima since 1985 (Omuta 1997) . Since female loggerheads return to the same nesting area at ca. 2 yr intervals, a nesting colony consists of recruits and remigrants. Although females move between beaches in each nesting area, there are no other major nesting beaches for these turtles in the areas, and therefore a previously tagged female or a female with tag scars can be regarded as a remigrant, and a newly tagged female without tag scars as a recruit. In Minabe, 12 females were sampled in 1998 and 32 in 1999, while 105 females were sampled in Yakushima in 1999. Only 1 female, nesting in Minabe, was sampled in both years. Female loggerheads lay several clutches of eggs, 110 eggs per clutch, during a nesting season. In this study, one egg was collected per individual female, except for 5 females nesting in Minabe in 1998, for which inter-and intra-clutch variation in stable isotope ratios of the eggs was examined. The δ 13 C and δ 15 N of the eggs from serial clutches of each of these nesting females were compared. The intra-clutch isotopic variation was also examined for 1 female. We compared the isotopic values of 5 eggs collected per clutch. Previous findings from tag/recapture studies and satellite telemetry (e.g. Baba et al. 1992 , Kamezaki et al. 1997 ) indicated that during post-nesting seasons most loggerheads nesting on Japanese beaches inhabit 3 areas: the neritic East China Sea, the coastal waters of Japan, and the pelagic Pacific. Female loggerheads are widely distributed within each area. Prey items were thus collected from these areas. Benthic items (molluscs, crustaceans, coelenterates, and echinoderms) were collected from the neritic East China Sea and the coastal waters of Japan, whereas planktonic items (macroplankton) were collected from the pelagic Pacific. Prey items were collected from late November to early March, taking into account that vitellogenesis in sea turtles is presumed to begin 4 to 6 mo prior to the mating season (Rostal et al. 1998 ).
MATERIALS AND METHODS
Benthic items were collected by trawling from the shelf edge in the East China Sea (27°25' to 31°35' N, 124°36' to 127°16' E: Fig. 1 ) from late January to early February 1999 and 2000. They were also collected by trawling, fishing, and using traps and gill nets in the coastal waters of Japan (Fig. 1) All samples were frozen at -20°C until analytical preparation.
Stable isotope measurements:
The egg-yolks of the turtles, the muscle tissue of benthic items, and whole specimens of planktonic items were used for isotopic analyses. Only the salp samples consisted of several individuals. All samples were dried at 60°C. Lipids were removed with a chloroform-methanol (2:1) solution, and then ground to a fine powder. Only echinoderm samples were later treated with 2 N HCl to remove carbonates. Isotope ratios were determined using a Finnigan MAT Delta S mass spectrometer interfaced with a Carlo Erba elemental analyzer. The isotope ratios for 7 egg-yolks from 7 loggerheads nesting in Minabe in 1998 were determined using a Delta S mass spectrometer, following the sealed tube combustion method described by . Approximately 0.5 to 1.0 mg of powdered sample was used for δ 13 C and δ 15 N measurements, except for these 7 samples for which 5.0 to 7.0 mg was used. δ 13 C and δ 15 N are expressed as the deviation (‰) from the standard defined by the following equation:
where R is 13 C/ 12 C or 15 N/ 14 N. Belemnite (PDB) and atmospheric nitrogen were used as the carbon and nitrogen isotope standards, respectively. A DL-alanine standard was used for every 8 samples in sequence to assess the analytical precision, which was within 0.2 ‰ for both isotopes (δ 13 C, ± 0.10 ‰; δ 15 N, ± 0.15 ‰; based on the method of . Drift in the samples was corrected by comparing the isotopic values of several runs of 10 replicates of a DL-alanine standard measured in this study with those of several 10 replicates previously measured using the method of (e.g. Takai & Sakamoto 1999 , Takai et al. 2000 .
Full details of sample locations and isotoperatios are available as appendices at: www.marine.kais.kyoto-u. ac.jp/butsuri/hatase/appendices.html. Satellite telemetry. From 21 to 29 July 1999, satellite transmitters (ST-18, Telonics Inc.) were attached with epoxy adhesive and glass-fiber cloth to the carapace of 5 female loggerheads at beaches in Minabe. The SCL and straight carapace width (SCW) were measured with calipers. Body mass was measured with a hanging scale and a net. The front flippers were tagged. Eggs were also collected for stable isotope measurements except in the case of 1 female, whose eggs could not be found.
The females were tracked using the Argos system, which classified their locations into 7 classes of decreasing accuracy: <150 m, 350 m, 1 km for the first 3 (3, 2, 1, respectively), with no accuracy limit for the remaining 4 (0, A, B, Z). Locations with Class 3, 2, 1, 0 or A accuracy were used to reconstruct the migratory routes, except for Turtle 9905 (only 1 location, with Class Z accuracy, was obtained during her tracking). When more than 1 location was obtained within 1 d, the location which could be most accurately classified was adopted. The total distance covered was defined as the sum of the shortest distance between successive locations on the sea surface.
RESULTS

Intra-and inter-clutch variation in egg-yolk stable isotope ratios
Isotopic variation in δ 13 C and δ 15 N of the egg-yolk among the 4 serial clutches (5 eggs clutch 
Relationship between body size and stable isotope ratios
The SCL of sampled females ranged from 760 to 956 mm (n = 44) at Minabe and from 741 to 968 mm (n = 105) at Yakushima. For statistical analyses, the females were divided into 4 size groups: < 800 mm (n = 14 and 11, Minabe and Yakushima, respectively), 800 to 850 mm (n = 14 and 34), 850 to 900 mm (n = 12 and 36), and ≥ 900 mm (n = 4 and 24) SCL. Females at Yakushima have previously been reported to be significantly larger than those at Minabe , and our samples revealed the same trend (Fig. 2) . The mean (± SD) δ 13 C values for the 4 size groups were -18.4 ± 0.8, -18.0 ± 0.9, -17.1 ± 0.7 and -17.0 ± 1.2 ‰ respectively, at Minabe, and -17.8 ± 1.0, -17.2 ± 1.0, -16.7 ± 1.1 and -17.1 ± 1.5 ‰, respectively, at Yakushima (Fig. 2) . The mean (± SD) δ 15 N values were 11.3 ± 1.1, 12.3 ± 1.5, 13.8 ± 1.1, and 14.2 ± 0.8 ‰, respectively, at Minabe, and 11.8 ± 1.6, 13.1 ± 1.7, 13.9 ± 1.1 and 13.5 ± 0.9 ‰, respectively, at Yakushima (Fig. 2) . In these size groups, the δ 13 C and δ 15 N of the egg-yolk increased significantly with increasing SCL at both nesting sites, except for the SCL of the ≥ 900 mm group from Yakushima (Kruskal-Wallis test: δ 13 C, p < 0.005; δ 15 N, p < 0.0005 at Minabe; δ 13 C, p < 0.05; δ 15 N, p < 0.005 at Yakushima; Fig. 2) . Irrespective of nesting site, there were highly significant positive correlations between δ 13 C and δ 15 N in small females (< 800 and 800 to 850 mm SCL) (Minabe: Spearman's rank-correlation coefficient (ρ) = 0.64 and 0.93, p < 0.05 and < 0.001; Yakushima: ρ = 0.94 and 0.86, p < 0.005 and < 0.0001; Fig. 2 ); most turtles with a δ 13 C of -19 to -18 ‰ had a δ 15 N of 10 to 11 ‰, whereas those with a δ 13 C of -17 to -16 ‰ had a δ
15
N of 12 to 15 ‰. In contrast to small females, no highly significant positive correlations between δ 13 C and δ 15 N were seen in large females (850 to 900 and ≥ 900 mm SCL) at either nesting site (Minabe: ρ = 0.76 and 0.80, 
Comparison between isotope ratios of prey items and loggerhead turtle eggs
The planktonic organisms collected from the Pacific Ocean off the Sanriku District had mean δ 13 C and δ
15 N values ranging from -21.3 ± 0.0 ‰ δ 13 C (unidentified salp) to -17.4 ± 1.3 ‰ δ 13 C (unidentified jellyfish) and from 4.8 ± 0.0 ‰ δ 15 N (unidentified salp) to 10.6 ± 1.1 ‰ δ 15 N (unidentified jellyfish) ( Table 2 ). The benthic organisms collected from the coastal waters of Japan had mean δ 13 C and δ 15 N values ranging from -16.6 ± 1.5 ‰ δ 13 C (the conch Chicoreus asianus) to -12.5 ± 0.5 ‰ δ 13 C (the cephalopod Octopus vulgaris) and from 7.8 ± 1.6 ‰ δ 15 N (the conch Chicoreus asianus) to 12.7 ± 1.0 ‰ δ 15 N (the cephalopod Todarodes pacificus) ( Table 2) , whereas the values of the benthic organisms from the East China Sea (except the echinoderm Stellaster equestris) ranged from -16.3 ± 0.0 ‰ δ 13 C (the crustacean Parapenaeus sp.) to -15.1 ± 0.3 ‰ δ 13 C (the crustacean Kempina mikado) and from 10.3 ± 0.2 ‰ δ 15 N (the conch Calliactis japonica) to 12.7 ± 0.0 ‰ δ 15 N (the cephalopod Octopus conispadiceus) ( Table 2) ; only the echinoderm S. equestris had a remarkably low δ 13 C (-18.1 ± 0.1 ‰) compared to other benthic items (Table 2, Fig. 3 ). The benthic items from the East China Sea had a generally lower δ 13 C but higher δ 15 N than those from the coastal waters of Japan (Fig. 3) . The isotopic values of planktonic items were generally lower than those of benthic items (Fig. 3) .
Small loggerheads had a generally higher (~2 to 4 ‰) δ 15 N than planktonic prey organisms, resembling the value of benthic organisms (Figs. 2 & 3) , while large loggerheads had a higher δ 15 N (~2 to 5 ‰) than either planktonic or benthic organisms (Figs. 2 & 3) . The δ 13 C of planktonic organisms was generally close to that of small loggerheads, whereas that of benthic organisms was close to that of large loggerheads (Figs. 2 & 3) .
Relationship between body size, post-nesting habitat areas, and stable isotope ratios
The SCL, SCW, and body mass of 5 female loggerheads (Nos. 9901 to 9905), tracked by satellite, ranged from 760 to 943 mm, 606 to 695 mm, and 63.5 to 110.0 kg, respectively. The loggerheads were tracked for 50 to 172 d and covered total distances of 193 to 4059 km. Two females (Nos. 9903 and 9905) migrated to the pelagic Pacific along the Kuroshio Current, whereas 3 (Nos. 9901, 9902 and 9904) migrated to the neritic East China Sea (Fig. 4) . The former 2 females (812 and 760 mm SCL; 625 and 606 mm SCW; 64.0 and 63.5 kg body mass, respectively) were smaller than the latter 3 (943, 889, and 812 mm SCL; 695, 641, and 663 mm SCW; 110.0, 100.0 and 85.5 kg body mass, respectively). In addition, the δ 13 C and δ 15 N of the eggyolk of the former 2 females (-19.2 and 10.9 ‰; -18.7 and 11.0 ‰, respectively) were lower than those of the latter 3 females (-18.6 and 13.2 ‰; no data; -16.8 and 14.0 ‰, respectively). Minabe Recruit 29 822 ± 38 -17.7 ± 0.9 12.5 ± 1.6 Remigrant 15 857 ± 56 -17.8 ± 1.2 12.7 ± 1.8
Yakushima Recruit 55 850 ± 45 -17.0 ± 1.2 13.3 ± 1.6 Remigrant 50 865 ± 48 -17.1 ± 1.2 13.4 ± 1.3 Table 1 . Caretta caretta. Straight carapace length (SCL; mean ± SD) of turtles and stable isotope ratios of egg-yolks collected from them. Turtles are grouped by tagging conditions: a newly tagged female without tag scars is regarded as a recruit, while a previously tagged female or a female with tag scars as a remigrant Godley et al. (1998) analyzed the isotope signatures of egg-derived proteins of Mediterranean loggerheads including hatchlings, embryos and eggs that failed to develop. The mean isotopic value was -16.6 ‰ δ 13 C (-20.5 to -13.6 ‰) and 7.6 ‰ δ 15 N (3.3 to 10.2 ‰). The δ 13 C values were similar to those found in this study, while the δ 15 N values were markedly lower in the Mediterranean, where adult loggerheads feed mainly on benthic molluscs and crustaceans (Godley et al. 1997) , as do loggerheads in the western North Pacific (Yamaguchi et al. 1993 , Kato et al. 1998 . Therefore, the geographical difference in δ 15 N of egg-derived proteins of loggerheads cannot be attributed to a difference in their feeding habits.
DISCUSSION
The low δ 15 N of Mediterranean loggerheads is a result of N 2 fixation by primary producers (Bethoux & CopinMontegut 1986 , Bethoux et al. 1992 . Since nitrogen isotope fractionation rarely occurs during N 2 fixation, photosynthetic organisms have low δ 15 N of -2 to 1 ‰ (Minagawa & Wada 1986 Baba et al. (1992 Baba et al. ( , 1993 ) tracked 5 female loggerheads by satellite from Omaezaki (34°35' N, 138°14' E), Shizuoka Prefecture, during the post-nesting season, and reported that 3 small females migrated along the Kuroshio Current to the pelagic Pacific, and 2 large females to the coastal waters of Japan. Similar results were obtained by the Japan Fisheries Resource Conservation Association (1999); among 23 female loggerheads tracked from Yakushima, 21 large females migrated to the continental shelf of the East China Sea and coastal waters of Japan, and 2 relatively small females migrated along the Kuroshio Current toward the pelagic Pacific. These findings suggested that there are size-related differences in the use of feeding habitats by female loggerheads around Japan.
Based on the fact that animal δ 13 C and δ 15 N are enriched ca. 1 ‰ and 3 to 4 ‰ relative to diet δ 13 C and δ 15 N (DeNiro & Epstein 1978 , Minagawa & Wada 1984 , in the present study, small females (< 800 and 800 to 850 mm SCL) with a δ 13 C of ca. -19 to -18 ‰ and a δ 15 N of ca. 10 to 11 ‰ were presumed to have fed primarily on planktonic items in the pelagic (the Pacific Ocean), while small females with a δ 13 C of ca. -17 to -16‰ and a δ 15 N of ca. 12 to 15 ‰ were presumed to have fed primarily on benthic items in a neritic habitat (possibly the East China Sea). Since most large females (850 to 900 and ≥ 900 mm SCL) had a δ 15 N of ca. 12 to 15 ‰, they also probably fed primarily on benthic items in the neritic habitat. The wide variation in δ 13 C (-19 to -13 ‰) in large females arises from their feeding on benthic items with various δ 13 C over a broad range of habitats extending from the coastal waters of Japan to the East China Sea (and possibly including the South China Sea [Kamezaki et al. 1997] , although the isotope signatures of benthic items from this sea were not examined in the present study). Satellite tracking results were consistent with these inferences and with previous similar findings. It is therefore concluded that the body size, habitat area, and feeding habit of female loggerheads around Japan are closely related.
What mechanism makes female loggerheads select habitat areas in the western North Pacific as a function of their body size? Female loggerheads grow little after reaching sexual maturity (Hughes 1974 , Bjorndal et al. 1983 , Limpus 1985 ; at Minabe, their growth rate is 1.7 mm yr -1 SCL (n = 56, SD = 4.3; T. Bando unpubl. data). This suggests that their body size would mainly be determined by growth characteristics during the immature period. We therefore propose that their habitat selection as a function of body size is closely related to the recruitment and settlement in immature loggerheads which return to Japan after developmental migrations in the North Pacific. We speculate that immature turtles that recruit to neritic habitats at a small size grow larger by feeding on nutrient-rich prey such as benthos until they reach sexual maturity, whereas immature turtles that stay in the pelagic for a longer period do not grow larger because nutrient-rich prey in this habitat is scarce. In fact, subadult loggerheads (total range 400 to 700 mm SCL, mean 600 to 700 mm) have been captured by set-nets in the coastal waters of Japan (Miyawaki 1994 , Hirate 1999 , while adults (total range 700 to 950 mm in curved carapace length, mean 700 to 800 mm) have been captured by driftnet and longline fisheries in the pelagic central North Pacific (Wetherall et al. 1993 , Polovina et al. 2000 . The turtles remain in the respective habitats until sexual maturity, and later return there during the reproductive stage. The lack of significant differences in the 2 isotopic values between recruits and remigrants supports this. The difference in size at which immature turtles return to Japan may result in the sizerelated differences in the use of feeding habitats by 279 Fig. 4 . Caretta caretta. Post-nesting migratory routes of 5 adult females released from Minabe (q). Broken lines as in Fig. 1 ; shaded arrows indicate stream lines of the Kuroshio Current during the tracking period (taken from the bulletin of ocean conditions published by the Hydrographic Department of the Japanese Coast Guard). The migratory route of Turtle No. 9904 between Minabe and the first point in the East China Sea is not known, since no transmission was received during the tracking period female loggerheads. Further collection of biological data on loggerheads in the East China Sea and other areas also may help to reveal the mechanism behind this phenomenon. The number of nesting loggerheads has declined at several Japanese nesting sites since 1990 (e.g. Sato et al. 1997) due to a still unknown cause. Taking into account the present findings, the cause of the decline could roughly be predicted by examining the fluctuations in the mean SCL of female loggerheads present on nesting beaches together with the number nesting. If the cause of the decline exists in the neritic habitat, the mean SCL of female loggerheads nesting on Japanese beaches will become small; if it exists in the pelagic habitat, the mean SCL of females will become large.
